Abstract We report on investigations of the quantumHall chiral edge states using a near-field scanning optical microscope that enables us to irradiate circularly polarized light from the probe tip with spatial resolution below the diffraction limit. We have found a clear evidence for the formation of spin-split incompressible strips near the edge of a two-dimensional electron system in high magnetic fields.
of the electrons in the random potential [4] , imaging of excitons and biexcitons in naturally occurring quantum dots [5] , and the edge of a two-dimensional electron system (2DES) in high magnetic field [6] . By contrast, applications of NSOMs to investigate spin properties of semiconductors have been very limited, mainly because of the difficulty in emitting or detecting circularly polarized light using an NSOM probe tip since the polarization is disturbed by birefringence induced by small tensions or torsions at the NSOM probe tip. Here we report on our successful development of circularly polarized NSOM and investigations of the spin-dependent properties of the edge states of a 2DES [7] .
Methods

Experimental
We used a method to control the polarization of the light emitted from an NSOM probe by controlling the polarization of the incident light with a Berek compensator [7] . A double tapered NSOM probe was prepared by the method described in the literatures [8, 7] . We have fabricated an NSOM probe tip with an aperture with good axial symmetry by focused ion beam slicing of the apex of the probe tip. Furthermore, cares have been taken to avoid any stress or torsion by twisting or bending to minimize possible extrinsic birefringence in high magnetic field region using a dilution refrigerator specially designed for this purpose. This minimizes possible birefringence accompanied by the Faraday effect for a diamagnetic material [9] . The compensation parameter of the Berek compensator is mostly explained by the extrinsic birefringence added by a single turn coil of the optical fiber with radius (r) of 0.25 m that is located outside of the cryostat and is mechanically supported by an aluminum rail as shown in Fig. 1 in order to fix the path of the optical fiber.
We used a Hall-bar structure of a GaAs/Al 0.3 Ga 0.7 As single heterojunction with the mobility and the electron density of 180 m 2 /Vs and 4.6 × 10 11 cm 2 , respectively. The optical excitation power was 1.1 nW at the excitation photon energy of 1.5140 eV, which is 5.7 meV above the onset of the absorption of GaAs single heterojunction. Measurements were performed using a tube piezoscanner and a piezoelectric inertial sliding stage at 250 mK in magnetic fields perpendicular to the sample surface in a dilution refrigerator. Photovoltage between the ohmic contacts 1 and 2 in Fig. 1 was detected synchronously with a lock-in amplifier at 159 Hz.
Theory
The electronic structure of spin-resolved states near the sample edge in perpendicular magnetic field B is calculated based on the local-spin-density approximation formalism [7, 10, 11] . The Hamiltonian is given by
where
is the kinetic energy in the Landau gauge A = (0, Bx, 0) and V c , V H , and V s x are the confinement potential, the Hartree term, and the exchange-energy term, n s (r) is the electron charge density for spin s =↑, ↓ at finite temperature, and g c , µ B , and m * are the effective electron g-factor, the Bohr magneton, and the electron effective mass. A plane-wave basis set is used for the y-direction. The center of the cyclotron-motion X is given by X = −l 2 B k y , where l B and k y are the magnetic length and the wavevector in the y-direction. The higher-order finite difference method [10, 12] is used in two-dimensional grids of 690 × 7 and 690 × 33 per unit cell for the calculations of the wave function and the potential, respectively, for the x-and z directions. The confinement potential is given by V c (r) = V l (x)+V z (z). We consider a quantum wire structure with a width of 3150 nm, assuming lateral confinement potentials of
We assume V 0 = 1000 eV for x < 0 and x > 3150 nm and 0 eV for 0 ≤ x ≤ 3150 nm, and consider 
eV/nm
4 , andhω 0 = 0.3465 meV that give the depletion layer thickness of 134 nm and determine the size of the edge states. For the vertical confinement potential, we set V z (z) = 0 eV for 90 ≤ z ≤ 115 nm and 0.270 eV elsewhere. Material parameters for GaAs and AlAs can be found in the literatures [13] . Details of the calculation can be found elsewhere [7] 
Results and Discussions
Compressible and incompressible strips
The alternating strips of the compressible and incompressible liquids are formed near the edge of the 2DES in a magnetic field due to the screening of the confinement potential [14-17, 10, 18] as shown in Fig. 3 , calculated by using V 4 (x). There is a region of constant electron density with a finite energy gap at the Fermi level. The spin-unpolarized incompressible strip (I) is formed in the case where the energy gap is opened due to the cyclotron energyhω c , and the spin-split incompressible strip (I s ) is formed due to the exchange energy-enhanced spin gap [19] in high magnetic fields as shown in Fig. 3 . In-between the spin-unpolarized and spin-split incompressible strips, there are regions of smoothly varying electron density and of constant subband energy of either up-or down-spin electrons, called the spin-polarized compressible strips (C ↑ , C ↓ ). Figure 4 shows calculated occupations near the Fermi level for V 4 (x) and V 2 (x) as defined by
where f ′ (E) is the first derivative of the Fermi distribution function at T = 0.25 K, and E j,ky,s (B) is the energy of the jth electron state with wavevector k y and spin s. The red (blue) in Fig. 4 indicates the regions where up-(down-) spin electrons occupy the subband at the Fermi level. The positions of the incompressible strips I and I s as indicated by the white regions in Fig. 4 move inwards of the sample with increase in the magnetic field. Note here that the positions of I and I s depend on the curvature of the lateral confinement potential. The positions of I and I s are closer to the edge of the sample for harder lateral confinement potential V 4 (x) as compared to V 2 (x).
Circular polarization dependence of photovoltage mapping
Our circularly polarized NSOM enables us to inject spin polarized electrons locally to the 2DES layer. The photoinduced holes move to the rear side whereas the electrons move to the front side of the sample due to the strong vertical electric field in the heterojunction sample. The electrons optically created near the edge of the sample either diffuse to the compressible strips at the same side of the sample of the laser spot or to the compressible strips at the opposite side of the sample across the bulk region. The diffusion current is balanced by the Hall current, leading to the change of the chemical potential of the edge states [20] . This change of the chemical potential is detected as the Hall photovoltage between the contacts 1 and 2 in Fig. 1 .
Periodic photovoltage signals are observed correlated with the bulk electron filling factor ν. The photovoltage is vanishingly small at the integer ν as shown in The observed circular polarization dependence of the photovoltage is understood by the type of the innermost incompressible strip, whether it is I s or I, that separates the bulk and the edge regions [7] as schematically shown in Fig. 6 . A spin-split incompressible strip I s with a width w a separates the bulk and the edge regions for 2m − 1 < ν < 2m, for m integer as shown in Fig. 3(c) . Consider here the case where up-or downspin electrons are optically created in the edge region in Fig. 3(c) . The subband energy of the up-spin electron is flat on C ↑ adjoining to the innermost incompressible strip I s at ν L = 5, whereas the subband energy of the down-spin electron increases with increase in X. Consequently, the diffusion current of the optically created up-spin electrons from the edge across the bulk region is larger than that of the down-spin electrons as schematically shown in Fig. 6 Fig. 3(d) . Because I is formed due to the cyclotron energyhω c , this strip is more robust to disorders than I s which is formed due to the exchange energy-enhanced spin gap as schematically shown in Fig. 6(b) . As a consequence the diffusion current of both the up-and down-spin electrons from the edge across the bulk region is small. This explains the small circular polarization dependence of the observed photovoltage in this case.
Conclusions
We have demonstrated successful optical spin injection using a circularly polarized near-field optical microscope. Our method should be widely applied to investigate spin dependent phenomena in nanostructured materials.
